Three bioremediation methods, natural attenuation (NA), biostimulation (BS) and bioaugmentation (BA) were applied to remediate diesel-contaminated soil, with their remediation efficiencies and soil microbial activities compared both with and without surfactant (Tween 80). BA treatment employing Rhodococcus sp. EH831 was the most effective for the remediation of diesel-contaminated soil at initial remediation stage. On the addition of surfactant, no significant effect on the remediation performance was observed. A negative correlation was found between the dehydrogenase activity (DHA) and residual concentration of total petroleum hydrocarbons (TPHs) at below 20,000 mg-TPHs ·kg-dry soil 
Introduction
Petroleum hydrocarbons (PHs) are widely used chemicals, but are hazardous pollutants in soils and waters [21, 26, 32] . Pollution caused by PHs is often induced by leakages from ground or underground storage tanks, spillage during transportation, wastes generated in the production of various goods, abolition of chemicals or from landfills [24] . Among PHs, diesel, which is composed by alkanes and aromatic compounds, has been widely used in various industries. Due to its relatively high mobility, the possibility of contamination of surface waters and groundwaters as well as soils is high [8] .
It is important to eliminate these pollutants because PHs are significantly harmful to human health [17] . There are 3 kinds of bioremediation technique (natural attenuation, NA; biostimulation, BS; and bioaugmentation, BA) for the purification of PHs-contaminated soils [4] . These techniques are suitable for the removal PHs from contaminated sites since they are cost effective and environmental-friendly methods. They have the advantages of being able to be applied to large areas and completely degrade the pollutants completely [4] . Furthermore, few secondary pollutants, which have adverse effects on ecosystems and human health, remain on and/or in soils and waters after the application of the bioremediation process [26] .
To achieve effective bioremediation, it is important for the microorganisms adapt to the target environment because their activity directly affects the remediation efficiency [7] . For example, if inoculated microbes are not acclimatized to the target soils they could lose their intrinsic degradation activity [31] . Therefore, NA or BS occasionally show higher remediation efficiencies than BA treatment, according to environmental conditions, such as pollutants, soil types, pH and so on [4, 7] . Bento et al.
[4] applied NA, BS, and BA treatments to two different kinds of soil. They reported BA treatment showed superior treatment efficiency for total petroleum hydrocarbons (TPHs) of long beach soil, California, but NA treatment was better than BA treatment of Hong Kong soil. Many previous studies on bioremediation of PHs in soil have reported that their slow transfer from the soil matrix to the aqueous phase is often the ratelimiting step in the process [3, 18, 34] . This phenomenon is referred to as limited bioavailability [33] . To enhance *Corresponding author Tel: +82-2-3277-2393, Fax: +82-2-3277-3275 E-mail: kscho@ewha.ac.kr remediation efficiency, surfactants were used to increase bioavailability. Mulligan et al. [23] reported the addition of surfactants could enhance remediation efficiencies in soil.
In soil bioremediation, the health of the soil ecosystem has to be considered along with the remediation efficiency. Since soil microbial activities and community diversities are critical indicators of the ecological health of soils [2] , it is important to evaluate the dynamics of the whole microbial community rather than just pollutants-degrading microbes [1] . The microbial community structure, diversity and enzymatic activities are severely stressed by pollutants [16] . Subsequently, microbial communities can be continuously altered by various pollutants and external substances during remediation. Therefore, continuous monitoring of the microbial performance is essential for maintaining a sound soil ecosystem as well as for achieving successful bioremediation.
In this study, NA, BS and BA treatments were applied to remediate diesel-contaminated soil, with their remediation efficiencies compared both with and without surfactant. Consequently, the relationships between microbial activity and TPHs concentrations were determined by evaluating the microbial activity during the bioremediation processes, with the relationships of these properties with the residual TPH concentration also evaluated.
Materials and Methods
Preculture of Rhodococcus sp. EH831 for BA Treatment Rhodococcus sp. EH831 (KCCP-10657P) was used as an inoculated microorganism for the BA treatment, which was isolated from an oil-contaminated soil [13] . Rhodococcus sp. EH831 was able to utilize many recalcitrant hydrocarbons as well as diesel [11] . EH831 was cultivated as follows: 2.5 ml pre-culture of EH831 in LB medium was inoculated into a 500 ml Erlenmeyer flask, containing 100 ml of Bushnell Hass medium (BH), and supplemented with diesel, as sole carbon and energy sources, to give a final concentration of 20,000 mg·L . Before inoculated into the BA, 100 ml of the EH831 broth was centrifuged at 8,900 × g (Supra21K, Hanil, Incheon, Korea) for 10 min, with the harvested cells then washed twice with distilled water to remove the residual medium. The washed cells were resuspended in BH medium at 1.75 × 10 5 CFU·ml -1
.
Experimental Conditions for NA, BS, and BA Treatments
To simulate oil contaminant soils, 5 kg of garden soil from Ewha Womans University, South Korea, was sampled and sieved with a 2 mm sieve, and then mixed thoroughly with 5 kg of granite soil (1:1, w/w) to enhance air permeability. The total 10 kg of soil was contaminated with diesel to give a final concentration of 30,000 mg·kg-dry soil -1
. The diesel-contaminated soil was aged at 20°C, without light for a week, and manually mixed once a day during the aging process. The final pH of the soil was approximately 5.0. 200 g of the diesel-contaminated soil was put into each of 30 plastic pots (120×80×73 mm, phytohealth 310120, SPL Life Sciences, Kyunggi-do, Korea). The pots were covered with plastic caps allowing gas exchange. Surfactant (Tween 80, Duksan Pure Chemical Co., Ltd, Gyunggi-do, Korea) was supplemented to 15 pots to a final concentration of 100 mg-surfactant·kg-dry soil BA treatment with surfactant (BA-w/ S). To simulate the NA treatment, 10 ml of distilled water was supplied to each pot once a week to prevent of dryness during the remediation process. For the BS, 10 ml of the BH medium was supplied once a week to prevent exhaustion of nutrients and dryness. For the BA, 10 ml of the EH831 cell suspension (1.75 × 10 5 CFU·ml -1
) was inoculated into each pot at the beginning of the test, with 10 ml of the BH medium supplied once a week. Diesel, Tween80, EH831, and nutrients were mixed thoroughly by hand to disperse homogeneously. Water content was maintained between 8 to 16% in all conditions.
Five pots for each set of experimental conditions were prepared, and then incubated at 20°C in a growth chamber (VISION Scientific, Gyunggi-do, Korea). After 7, 17, 23, 38 and 46 th day, the entire soil content from a pot for each set of experimental conditions was taken out, and then mixed homogeneously for the analyses of the TPHs
